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Why Studying Rare Decays?

SM: likely an effective low energy version of a more general theory

New Physics (NP) could arise at high energy

Access high energy phenomenology with heavy flavour meson decays:

B0
s

µ

µ

High

Energy

Why RARE decays?
Look for channels where NP could drive the decay amplitude
The smaller the SM contributions the more visible the NP effects!
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The Tour of LHCb Rare Decays

1 B0
s→ µ+µ−

2 B0
(s)→ µ+µ−µ+µ−

3 B0
(s)→ e+µ−

4 D0→ µ+µ−

5 D+
(s)→ π+µ+µ− and D+

s → π−µ+µ+

6 τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see [LHCb, 2013b])

Mathieu Perrin-Terrin CPPM Searches for Rare Decays at LHCb August 16, 2013 3 / 22



B0
s→ µ+µ−

Outline

1 B0
s→ µ+µ−

2 B0
(s)→ µ+µ−µ+µ−

3 B0
(s)→ e+µ−

4 D0→ µ+µ−

5 D+
(s)→ π+µ+µ− and D+

s → π−µ+µ+

6 τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see [LHCb, 2013b])

Reference: arXiv:1307.5024 to appear in Physical Review Letter
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B0
s→ µ+µ−

Motivations

Rare in SM: FCNC process and helicity suppressed

B0
s

µ

µ

W+

W− Z0

t B0
s

µ

µ

H+

W−h0, H0, A0
t

B(B0
(s)→ µ+µ−) ∝

(
1− 4m2

µ

m2
B

)
|CS − C ′S |2 +

∣∣∣∣(CP − C ′P) + 2
mµ

m2
B

(C10 − C ′10)

∣∣∣∣2
Sensitive to scalar and pseudo-scalar NP contributions

Precise predictions (purely leptonic final state)[Buras et al., 2012]:

B(B0
s→ µ+µ−)1 SM

= (3.56± 0.30)× 10−9

B(B0→ µ+µ−)
SM
= (1.07± 0.10)× 10−10

1Time integrated B obtained [Bruyn et al., 2012] with ys and τB0
s

from [HFAG, 2012]
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B0
s→ µ+µ−

History

B0
(s)→ µ+µ−sensitivity to NP has motivated searches since 1984!

B(B0→ µ+µ−) upper limit approaching SM prediction

Date
1987 1991 1995 1999 2003 2007 2011

)- µ+ µ 
→0

B
R

(B

-1010

-910

-810

-710

-610

-510

-410

CMS
LHCb
CDF
BaBar
BELLE
CLEO
DO
L3
UA1
ARGUS
SM prediction

90% C.L. Upper Limits
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B0
s→ µ+µ−

History

B0
(s)→ µ+µ−sensitivity to NP has motivated searches since 1984!

First evidence of B0
s→ µ+µ−, significance of 3.5σ [LHCb, 2013a] (2.0 fb−1)
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B0
s→ µ+µ−

History

B0
(s)→ µ+µ−sensitivity to NP has motivated searches since 1984!

Recent updates by CMS and LHCb (3.0 fb−1) [LHCb, 2013c, CMS, 2013]
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B0
s→ µ+µ−

LHCb Analysis Strategy – Overview and Normalisation

Data Set

3 fb−1 of integrated luminosity

Reconstruction improved wrt previous analysis (2 fb−1
[LHCb, 2013a])z

Analysis designed prior to looking at data in signal mass region

The Goal B(B0
(s)→ µ+µ−) =

N
B0

(s)
→µ+µ−

N
B0

(s)

Normalise to B0→ K+π− and B+→ J/ψK+:

NB0
(s)

=
Ncc

Bcc
× 1

εcc
× fs

fcc

fs/fd,u = NB0
s
/NB0(+) :

main analysis systematics

new B(D−s → K+K−π−) and τB0
s
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B+→ J/ψK+

fs/fd,u error reduced from 7.8% to 5.8% [LHCb, 2013d]
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B0
s→ µ+µ−

LHCb Analysis Strategy

NB0
(s)
→µ+µ− : A Needle in a Haystack

∼ 40 B0
s→ µ+µ− evts (SM)

Huge Combinatorial background

Partially reconstructed and mis-id:

B0
(s)→ h+h′− B0

s→ K−µ+νµ B0,+→ π0,+µ+µ−

Λb→ pµ−νµ B0→ π−µ+νµ B+
c → J/ψ(µµ)µ+νµ

Extract Signal From Background

Loose event selection then classification in the plane:
mµµ × Boosted Decision Treez based on geometry and kinematics

Both classifier PDFs obtained with data driven methods (Bkg PDFz)

Upper Limits: CLs

B Measurements: Simultaneous Fit to mµµ in all BDT Ranges
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B0
s→ µ+µ−

Results

B measurements

B(B0
s→ µ+µ−) = (2.9+1.1

−1.0st +0.3
−0.1sy)× 10−9

Significance : 4.0 (Expected 5.0)

B(B0→ µ+µ−) = (3.7+2.4
−2.1st +0.6

−0.4sy)× 10−10

Significance : 2.0
]2c[MeV/−µ+µm
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Full PDF
B0
s → µ+µ−

B0 → µ+µ−

B0
(s) → h+h′−

B0
(s) → π−(K−)µ+νµ

B0(+) → π0(+)µ+µ−

Combinatorial

Upper Limit

No compelling B0→ µ+µ− signal hint
B(B0→ µ+µ−)<7.4× 10−10 at 95%C.L.

]
10−

) [10−
µ +µ → 
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BB(
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±1σ
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B0
s→ µ+µ−

LHC Wide [CMS and LHCb, 2013]

New Results by CMS [CMS, 2013]

25 fb−1 of integrated luminosity

B(B0
s→ µ+µ−)= (3.0+1.0

−0.9)× 10−9 Significance = 4.3σ (4.8 Expected)

B(B0→ µ+µ−)= (3.5+2.1
−1.8)× 10−10 Significance = 2.0σ

Weighed B Average (not Likelihood Combination)

Significance

B(B0
s→ µ+µ−)

LHC
= (2.9± 0.7)× 10−9 > 5σ

B(B0→ µ+µ−)
LHC
= (3.6+1.6

−1.4)× 10−10 > 3σ
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B0
s→ µ+µ−

Implications

CMS & LHCb

Modified from [Straub, 2012]
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B0
(s)
→ µ+µ−µ+µ−

Outline

1 B0
s→ µ+µ−

2 B0
(s)→ µ+µ−µ+µ−

3 B0
(s)→ e+µ−

4 D0→ µ+µ−

5 D+
(s)→ π+µ+µ− and D+

s → π−µ+µ+

6 τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see [LHCb, 2013b])

Reference: Physical Review Letter 110 (2013) 211801
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B0
(s)
→ µ+µ−µ+µ−

Search for B0
(s)→ µ+µ−µ+µ− with

∫ L = 1.0 fb−1

Motivations

Resonant SM mode B(B0
s→ J/ψφ) = (2.3±0.8)×10−8

Non-resonant SM mode B(B0
s→ µ+µ−µ+µ−) < 10−10

Could be enhanced by physics beyond SM

B0
s

µ

µ

γ

Z0

W+

W−

µ

µ

c.f. HyperCP anomaly [HyperCP, 2005], MSSM [Demidov and Gorbunov, 2012]

Strategy: a Cut and Count Analysis

Selection optimised on resonant candidates

Normalisation to B0
s→ J/ψK∗0

Upper Limits (CLs)

B(B0
s→ µ+µ−µ+µ−) <1.6× 10−8

B(B0→ µ+µ−µ+µ−) <6.6× 10−9

World Best!

Observed Data
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B0
(s)
→ e+µ−

Outline

1 B0
s→ µ+µ−

2 B0
(s)→ µ+µ−µ+µ−

3 B0
(s)→ e+µ−

4 D0→ µ+µ−

5 D+
(s)→ π+µ+µ− and D+

s → π−µ+µ+

6 τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see [LHCb, 2013b])

Reference: arXiv:1307.4889 submitted to Physical Review Letter
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B0
(s)
→ e+µ−

Searches for B0
(s)→ e+µ− with

∫ L = 1.0 fb−1

Motivations

Lepton Flavour Violation forbidden in SM

Possible in SM extensions:
Pati-Salam leptoqarks [Pati and Salam, 1974],
SUSY [Diaz et al., 2005]

Heavy singlet Dirac neutrino [Ilakovac, 2000]

Analysis based on B0
s→ µ+µ−

meµ×BDT classification
Normalisation B0→ K+π−

Results: 95% C.L. upper limits

B0
s

e

µ

LQ

BDT
0 0.2 0.4 0.6 0.8 1

]2 c
 [

M
eV

/
µ

e 
m

4800

5000

5200

5400

5600

5800

6000

LHCb

LHCb Current ([CDF, 2009])
B(B0

s→ e+µ−) < 14× 10−9 206× 10−9

B(B0→ e+µ−) < 3.7× 10−9 79× 10−9
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B0
(s)
→ e+µ−

Implications: Leptoquarks Mass Lower Bounds

Convert upper limits into lepto-quark (LQ) mass bounds with formula by
[Valencia and Willenbrock, 1994]

]2c  [TeV/)

±

µ ± e→ 
s
0 (BLQM

50 100 150

)±

µ ±
 e

→ s0
B

(B

-810

-710

LHCbLHCb
 90(95)% C.L.-8 10×) < 1.1 (1.4) 

±

µ ± e→ 0

s
B(B

2c) > 107 (101) TeV/

±

µ ± e→ 0

s
(BLQM

90% C.L.

95% C.L.

]2c  [TeV/)

±

µ ± e→ 0 (BLQM
50 100 150 200 250

)±

µ ±
 e

→ 0
B

(B

-910

-810

-710 LHCb
 90(95)% C.L.-9 10×) < 2.8 (3.7) 

±

µ ± e→ 0B(B
2c) > 135 (126) TeV/

±

µ ± e→ 0(BLQM

90% C.L.

95% C.L.

LHCb Current ([CDF, 2009])
mLQ(B0

s→ e+µ−) > 101 TeV 44.9 TeV
mLQ(B0→ e+µ−) > 126 TeV 53.6 TeV
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D0→ µ+µ−

Outline

1 B0
s→ µ+µ−

2 B0
(s)→ µ+µ−µ+µ−

3 B0
(s)→ e+µ−

4 D0→ µ+µ−

5 D+
(s)→ π+µ+µ− and D+

s → π−µ+µ+

6 τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see [LHCb, 2013b])

Reference: Physics Letter B725 (2013) 15-24
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D0→ µ+µ−

Search for D0→ µ+µ− with
∫ L = 0.9 fb−1

Motivations

FCNC helicity suppressed in SM: B(D0→ µ+µ−)∼ 10−13
[Burdman et al., 2002]

Possible enhancement in SM extensions
[Burdman and Shipsey, 2003, Paul et al., 2012]

Probe u-type dynamics:
complementary to B and K rare decays

Analysis:

D0 from D∗−→ D0π−

Bkg: combinatorial + misidentified

Normalise to D∗−→ D0(π+π−)π−

Fit to ∆m = mD∗− −mD0 and mµµ

Results: 95% C.L. Upper Limit

B(D0→ µ+µ−) < 7.6× 10−9
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D+
(s)
→ π+µ+µ− and D+

s → π−µ+µ+

Outline

1 B0
s→ µ+µ−

2 B0
(s)→ µ+µ−µ+µ−

3 B0
(s)→ e+µ−

4 D0→ µ+µ−

5 D+
(s)→ π+µ+µ− and D+

s → π−µ+µ+

6 τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see [LHCb, 2013b])

Reference: Physics Letter B724 (2013) 203-212
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D+
(s)
→ π+µ+µ− and D+

s → π−µ+µ+

Searches for D+
(s)→ π+µ+µ∓with

∫ L = 1.0 fb−1

Four Decay Modes to Look for NP

Same Sign µ: D+→ π−µ+µ+ and D+
s → π−µ+µ+

- Lepton Number Violation
- Forbidden in SM, possible in NP (e.g. Majorana ν)

Opposite Sign µ: D+→ π+µ+µ− and D+
s → π+µ+µ−

- in SM through resonances (η, ρ/ω, φ)
- and FCNC and Weak Annihilation B ∼ 10−9

D+
π+

µ

µ

FCNC

D+
(s) π+

µ

µWeak Ann.

Analysis Strategy

MVA Selection

SS: Fit mπµµ in mµπ ranges
OS: Fit mπµµ in mµµ ranges

Normalisation:
D+

(s)→ π+φ(µµ)
]2c) [MeV/-µ+µm(

200 400 600 800 1000 1200 1400 1600 1800
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te
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)-µ+µLow-m( ω/ρη φ )-µ+µHigh-m(

LHCb

mµµ ranges (OS)

FCNC

NP?

FCNC

NP?
Norm.
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D+
(s)
→ π+µ+µ− and D+

s → π−µ+µ+

Results: 95% C.L. upper limits

Opposite Sign µ
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B(D+→ π+µ+µ−) < 8.3× 10−8

B(D+
s → π+µ+µ−) < 4.8× 10−7

Same Sign µ

B(D+→ π+µ+µ−) < 2.5× 10−8

B(D+
s → π+µ+µ−) < 1.4× 10−7

Previous limits [BaBar, 2011] divided by 50!
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D+
(s)
→ π+µ+µ− and D+

s → π−µ+µ+

Conclusions and Prospects

LHCb (and CMS) confirmed the first evidence of B0
s→ µ+µ−

Stringent constraints on B0→ µ+µ−

CMS & LHCb

[Straub, 2012]

LHCb syst 5%
LHCb syst 1%
LHC syst 5%
LHC syst 1%

Based on 2.0fb-1

[Arbey et al., 2012]

Prospects:

Combined Likelihood: B0
s→ µ+µ− (> 5σ), B0→ µ+µ−(> 3σ)

New Observables: B(B0
s→ µ+µ−)/B(B0→ µ+µ−), A∆Γ [Buras et al., 2013]

More statistics in 2015

World best upper limits on: B0
(s)→ µ+µ−µ+µ−, D0→ µ+µ−, D+

(s)→ π+µ+µ−

Prospects: More data ready to be analysed (3 fb−1 in total)
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τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see
[LHCb, 2013b])

B0
s→ µ+µ−in New Physics [Straub, 2012]

Figure: Prediction for the branching fractions of B0
s→ µ+µ− and B0→ µ+µ− in

Minimal Flavour Violation models (MFV), the SM with a fourth generation (SM4),
the Randall-Sundrum model (RSc) with custodial protection [Blanke et al., 2009], and four
Minimal SUSY favour models (MSSM), Agashe and Carone
(AC) [Agashe and Carone, 2003], Ross, Velasco-Sevilla and Vives (RVV2) [Ross et al., 2004],
Antusch, King and Malinsky (AKM10) [Antusch et al., 2008] and a model with left-handed
currents only (LL11) [Hall and Murayama, 1995].
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τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see
[LHCb, 2013b])

B0
s→ µ+µ− Decay Rate

B0
s,L and B0

s,H have different decay widths [HFAG, 2012]:

ys =
ΓL − ΓH

ΓL + ΓH

meas.
= 0.0615± 0.0085

Time dependent decay rate in the mass eigenstates basis:

Γ
(
Bs(t)→ µ+µ−

)
= RHe−ΓH t + RLe−ΓLt

= (RH + RL)e−Γs t

[
cosh

yst

τB0
s

+A∆Γ sinh
yst

τB0
s

]

Decay rate is model dependent, parametrised by A∆Γ:

A∆Γ =
RH − RL

RH + RL

SM
= 1.0.
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τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see
[LHCb, 2013b])

Time Integrated and CP average B
Prediction: Inital CP average branching ratio, B0

B0(B0
s→ µ+µ−) =

τB0
s

2
Γ
(
Bs(t)→ µ+µ−

) |t=0

SM
= (3.35± 0.28)× 10−9

[Buras et al., 2012] update with τB0
s

from [HFAG, 2012]

Measurement: Time Integrated branching ratio: 〈B〉

〈B(Bs→ µ+µ−)〉 =
1

2

∫ ∞
0

Γ
(
Bs(t)→ µ+µ−

)
dt

= B0(Bs→ µ+µ−)× 1 +A∆Γys

1− y 2
s

SM
=

B0(Bs→ µ+µ−)

1− ys
= (3.56± 0.30)× 10−9

with ys and τB0
s

from [HFAG, 2012] and accounting for their experimental
correlation
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τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see
[LHCb, 2013b])

New Observable: A∆Γ

Time-integrated B is model dep.:

B = B0(Bs→ µ+µ−)× 1 +A∆Γys

1− y 2
s

Measuring B is not sufficient

A∆Γ is also needed!

Effective B0
s→ µ+µ− lifetime,

τf =

∫
< Γ(B(t)→ f ) > tdt∫
< Γ(B(t)→ f ) > dt

|S|
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[Bruyn et al., 2012] see also [Buras et al., 2013]

allows to solve the A∆Γ dependency:

B = B0(Bs→ µ+µ−)×
(

2− (1− y 2
s )
τf
τB0

s

)
(1)
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τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see
[LHCb, 2013b])

Solving the A∆Γ Dependency

Measuring A∆Γ

B0
s→ K+K− effective lifetime measured in LHCb with 522 signal evt with

an 7% precision [LHCb, 2012]

accessible for B0
s→ µ+µ− only at the upgrade or needs clever idea

A more complex situation: experimental results are model dependent

BDT and selection depends on the lifetime

hence time integrated efficiencies,

ε =

∫∞
0

Γ(B0
s (t)→ µ+µ−,A∆Γ, ys)ε(t)dt∫∞

0
Γ(B0

s (t)→ µ+µ−,A∆Γ, ys)dt

and BDT PDF depend on A∆Γ!

near future, provide B as a functin of A∆Γ
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τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see
[LHCb, 2013b])

New Observable: B(B0
s→ µ+µ−)/B(B0→ µ+µ−)

Sensitivity to New Physics

Precise prediction in SM, MFV, and U(2)3 flavour sym. [Buras, 2003]:

B(B0→ `+`−)

B(B0
s→ `+`−)

=
τB0

τB0
s

mB0

mB0
s

FB0

FB0
s

∣∣∣∣Vtd

Vts

∣∣∣∣2

Cannot be deduced by simply
taking the ratio of:

B(B0
s→ µ+µ−)

LHCb
= (2.9+1.1

−1.0)× 10−9

B(B0→ µ+µ−)
LHCb

= (3.7+2.5
−2.1)× 10−10

as these two measurements are
correlated!

Ratio will be provided by LHCb.
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τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see
[LHCb, 2013b])

B0
(s)→ µ+µ− BDT

BDT training and optimisation/variable choice done with simulated data

MC signal and MC bb→ µµX (equivalent to 5.5 fb−1)

12 variables used (9 in previous analysis):
B variables:

proper time

impact parameter (IP)

transverse momentum

isolation [CDF, 2005]:
pT,B

pT,B+
P

track pT

angle between pB and pthurst
z

angle between pµ+ and pthurst in in B rest
framez

µ variables:

min. IP significance

distance of closest approach

isolation

polarisation angle2

|ηµ+ − ηµ− |z

|ϕµ+ − ϕµ− |z

pthurst is the sum of momenta of all the long tracks coming from the B PV
and excluding those coming from long lived particle

2angle between the muon momentum in the B rest frame and the vector perpendicular to
the B momentum and the beam axis
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τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see
[LHCb, 2013b])

B0
(s)→ µ+µ− Profile Likelihood

)
­µ+µ→s

0
BB(
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τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see
[LHCb, 2013b])

Motivation and Strategy

Motivation

Lepton Flavour Violation

τ−→ µ−µ−µ+ is very suppressed in SM

Could be enhanced by physics beyond SM τ µ

µ̄

µ

W

Zνj

Strategy very similar to B0
s→ µ+µ−

Loose selection

Event classification in a 3D space:

Invariant mass mµµµ

Topological MVA
Particle identification (PID) MVA

Background: Combinatorial only
D+→ K−π+π+: remove by PID
D+

s → η(µµγ)µ+ν+
µ : remove by mass resolution

Normalisation to D−s → φ(µ+µ−)π−
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τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see
[LHCb, 2013b])

Results

Upper limits 95 (90)% C.L.extracted using the CLs method

B(τ−→ µ−µ−µ+) < 8.3 (10.2)× 10−8
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Results comparable with Belle [Belle, 2010]

B(τ−→ µ−µ−µ+) < 2.1× 10−8 at 90% C.L.
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τ−→ µ−µ−µ+ and τ−→ pµ−µ− (not presented here see
[LHCb, 2013b])

τ−→ pµ−µ− and τ−→ pµ−µ+

NP enter differently in each mode

Analysis similar to τ−→ µ−µ−µ+

World first results (95% C.L. upper limits):

B(τ−→ pµ−µ−) < 5.4× 10−7

B(τ−→ pµ−µ+) < 4.6× 10−7
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